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Environmental health and genomics:
visions and implications

Kenneth Olden and Samuel Wilson

T I M E L I N E

The relationship between genes and the environment can be compared to a loaded gun 
and its trigger. A loaded gun by itself causes no harm; it is only when the trigger is pulled that
the potential for harm is released. Genetic susceptibility creates an analogous situation, where
the loaded gun is one or a combination of susceptibility genes (alleles) and the trigger is an
environmental exposure. The key objective of the Environmental Genome Project is to identify
alleles that confer susceptibility to the adverse effects of environmental agents. Here we
discuss the goals of the Environmental Genome Project, its implications and, in particular, 
its potential effect on our ability to assess human disease risk in the future.
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the past ten years, no subject has generated
more interest, debate and activity than the
effort to identify and characterize genes that
predispose people to disease. When the
sequence of the human genome is complete,
this subject will be even more at the forefront
of people’s thoughts because of its many ram-
ifications for both environmental health regu-
latory policy and healthcare.

The aim of this article is to describe the
goals and status of the Environmental
Genome Project (EGP) and to discuss its
potential to bring a new vision to the areas of
human risk and exposure assessment, envi-
ronmental health, public health and environ-
mental policy.

Susceptibility and exposure
Evidence that genetics is important in the
development of disease has come from stud-
ies of familial clusters in which one or several
alleles of a gene have been identified that are
highly penetrant and associated with
increased risk for a specific disease, for exam-
ple, Huntington disease. The inheritance of
such alleles in the general population is rare
and probably accounts for no more than 5%
of known diseases. So the contribution of
monogenic disease genes to the overall inci-
dence of disease is relatively small, although

understood nor extensively studied at the
moment. Until recently, limited and inade-
quate knowledge of human genetics and
human gene sequences has hampered
progress in this area, and has limited scientists
to relatively simplistic models — models that
assume that diseases are caused by mutations
in a single gene or by exposure to a single
environmental agent. Interactions between
several genes, or between genes and several
environmental agents, have only rarely been
considered as the cause of human illness. So
our knowledge has many information gaps,
and it has remained difficult to predict
human disease risk accurately.

In a general sense, this missing informa-
tion is needed to create the framework for
accurately assessing human disease risk in the
community and ultimately at the level of the
individual. In a more specific sense, the miss-
ing information belongs to three categories:
information relating to dose–response rela-
tionships for environmentally significant
compounds, from well-characterized animal
models tested at biologically relevant doses
(that is, very low to moderate dose ranges); a
comprehensive catalogue of the human gene
polymorphisms that can influence human
disease risk; and extensive second-generation
epidemiological studies and other popula-
tion-based studies that definitively link
human disease to environmental exposure.

Recent developments in genomics are
enabling scientists to progress towards closing
these information gaps. The sequencing of
the human genome will soon provide a
human ‘reference sequence’. This ‘reference
sequence’ will be a vital tool in many areas of
molecular biology. Importantly, in disease
risk assessment, it will allow us to assess the
level of variation (deviation from the refer-
ence sequence) in the genes of an individual
or a specific human subpopulation. During

the risk for a person with a specific disease
allele is relatively high.

Many common human diseases seem to
be polygenic, resulting from the complex
interactions of several genes. A variant of
one gene may not be detrimental, but it
might become detrimental in combination
with specific alleles of one or more other
genes. Such susceptibility-conferring genes
increase disease risk only a fewfold, but they
can have a large effect on the incidence of
disease in the human population because of
their frequency. Susceptibility genes are not
sufficient to cause disease; they modify risk
in combination with other genes and with
exposure to specific environmental agents.

Every organism is exposed to hazardous
agents in its environment on a continual
basis. As a result, organisms have evolved
sophisticated pathways that can minimize
the biological consequences of hazardous
environmental agents. These pathways con-
stitute the ‘environmental response machin-
ery’ (FIG. 1). All human genes, including
those that encode components of the envi-
ronmental response machinery, are subject
to genetic variability, which can be associat-
ed with the altered efficiency of a biological
pathway. So a person’s risk for developing an
illness as a result of an environmental expo-
sure might be dependent on the efficiency
of their own unique set of environmental
response genes (FIG. 1). These genes, for
example, might determine how a person
responds to and metabolizes drugs or car-
cinogenic compounds after exposure.

The Environmental Genome Project
The EGP was initiated in 1997 at the United
States National Institute of Environmental
Health Sciences to stimulate population-
based and other research into the role of
genetic variation in response to environmen-

“During the past ten years,
no subject has generated
more interest, debate and
activity than the effort to
identify and characterize
genes that predispose
people to disease.”

Figure 1 | The environmental exposure–disease model. Polymorphisms in environmental response genes can modify a person’s risk for disease. Potential
roles of metabolic-activation enzymes, detoxification enzymes, signal-transduction systems and genome-metabolism systems are shown. The indicated
categories of enzymes can potentially interact with one another, and genetic variation can occur in one or more enzymes in each category.
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should be possible to test most of them
using functional assays.

The identification of new functional
polymorphisms will be relatively straight-
forward in comparison with the immense
challenge of establishing whether or not
each polymorphism functions in exposure-
associated disease. This is expected to be a
critical and most difficult part of the EGP.
Until recently, genetic linkage analysis has
been used to identify genes that contribute
to monogenic human diseases. However,
conventional linkage analysis is not optimal
for complex polygenic diseases because the
effects of individual alleles are relatively
weak and they may exist at high frequencies
in the population, making family-based
studies problematic. Therefore, the EGP will
rely on several approaches for the associa-
tion of combinations of polymorphisms
with disease: one will be to assess the fre-
quency with which given alleles occur in a
large population of affected people, com-
pared with the frequency of the same alleles

tal exposure1–4. It does this primarily through
investigator-initiated grants. The EGP (BOX 1)

was the first large-scale systematic study of
human functional genomics of polymor-
phisms, but other projects with similar goals
have also been initiated. The EGP is a ‘sec-
ond-generation’ human genome project,
because the EGP depends on the successful
completion of the human reference
sequence, as mentioned earlier. The goal of
the EGP, which will be carried out in three
phases (BOX 1), is to understand genetic sus-
ceptibility to disease as a function of response
to environmental exposures.

Phase I: Re-sequencing human genes. The
first phase of the EGP will identify poly-
morphism in a set of genes that will 
probably be important in environmentally
associated diseases. Although the final
human reference sequence is not yet com-
plete, the systematic identification of
sequence variations in the human genome
has already begun. One motivation for
starting this initiative has been the success-
ful use of association studies to identify dis-
ease risk from environmental exposure as a
function of relatively common allelic vari-
ants5,6, such as the association between ciga-
rette smoking and bladder cancer risk as a
function of allelic variants of N-acetyltrans-
ferases 1 and 2 (REF. 7). Methods for gene
discovery and genotyping have also greatly
improved, allowing faster and less expen-
sive6 large-scale population studies.

The strategy is to first catalogue and then
test variants in the coding and non-coding
regions of candidate susceptibility-confer-
ring genes for functional implications, as
described below. Initial plans were to survey
200 candidate genes that were selected
because of their known involvement in
metabolic pathways that are critical for nor-
mal cellular function (BOX 2). However, as
this approach would have provided detailed
information on only a few of the estimated
40,000 to 100,000 human genes, the
planned survey will be expanded. The pri-
mary mechanism for selecting new genes or
new categories of genes will be solicited rec-
ommendations from investigators actively
working on environmental susceptibility
genes in the area of toxicogenomics. It is
expected, for example, that genomic-scale
mRNA analysis by microarray will help us
to identify many new environmental
response genes. It is anticipated that variant
alleles in thousands of genes might be iden-
tified within the next five years. In the later
stages of the EGP, the selection of popula-
tion DNA samples for variant characteriza-

tion will be on the basis of preliminary
studies regarding exposure, functional
implications of a variation, and allele preva-
lence in specific human sub-populations.

Phase II: Functional variants. Polymorphisms
in coding regions that alter the amino-acid
sequence of proteins and their functions
could explain a significant fraction of human
genetic susceptibility to disease. Polymorph-
isms in regulatory regions can also contribute
significantly to disease risk, because these gene
regions control gene expression and splicing.
Therefore, the EGP plans to study the func-
tional implications of polymorphisms in both
coding and regulatory regions of genes. The
most abundant DNA polymorphisms are
expected to be single nucleotide polymor-
phisms (SNPs)6. The number of SNPs and
other DNA variations in the entire human
population is probably large (105 to 107),
but the number of non-silent variations in
the coding and regulatory regions of genes
is expected to be much smaller, and it
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Box 1 | Phases of the Environmental Genome Project 

Phase I 

• Develop a special sample repository representing the United States population 
(in collaboration with the NHGRI, NIGMS and the CDC)*.

• Re-sequence 200 candidate genes from a special sample repository to identify variants‡.

• Develop technology to facilitate variant identification.

• Develop databases on polymorphic variation in genes with information from re-sequencing 
and other data sets.

• Consider the ethical, legal and social implications of this research.

Phase II 

• Multidisciplinary functional studies of allelic variants.

• Population-based studies of exposure and allele–disease associations.

• Develop technology for Phase II studies, including toxicogenomics.

• Refine databases.

• Consider the ethical, legal and social implications.

• Initiate variant identification of more genes.

Phase III 

• Population-based and other epidemiological studies stemming from Phases I and II.

• Develop animal models for disease susceptibility to study dose–response relationships.

• Risk assessment studies (understanding dose–response relationships in the population).

• Develop technology for Phase III studies.

• Targeted disease screening of high-risk populations.

• Consider the ethical, legal and social implications.

• Expand databases and sequence variant catalogue.

*A repository of ~450 cell lines is maintained by the Coriell Institute for Medical Research. Re-
sequencing genes in these samples should detect polymorphisms that occur at around 1% in the
United States population. (NHGRI and NIGMS, National Human Genome Research Institute
and National Institute of General Medical Sciences at the National Institutes of Health; CDC,
Centers for Disease Control and Prevention.)

‡ Candidate genes selected from the categories listed in Box 2.
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ticular genotype and environmental expo-
sure. Animal studies will also be important
in discriminating between polymorphisms
that predispose to disease without exposure
and polymorphisms that predispose to dis-
ease only when a specific environmental
exposure acts as the ‘trigger’. In the latter
case, animal models can be used to quantify
the relative importance of genetic and envi-
ronmental susceptibility factors.

Another current goal in the field, which
is outside the EGP, is to search randomly for
SNPs in coding and non-coding regions in
the human genome; as it is estimated that
there are many SNPs per gene, thousands of
polymorphic sites could be identified, and
the emerging SNP catalogue could be a
resource to discover susceptibility genes in
the human genome6. Although these SNPs
may not themselves be the sequence varia-
tions that influence susceptibility, it is hoped
that high-density SNP maps will provide
markers that can be used in association
studies to discover nearby allelic alterations
that influence susceptibility.

Benefits of the EGP
As mentioned above, a goal of the EGP is to
catalogue information about human genet-
ic polymorphisms and to apply that 
information to understanding disease sus-
ceptibility and environmental exposure
responses in population-based studies. It is
clear that the EGP, combined with related
advances in toxicogenomics, has the poten-
tial to have a significant effect on environ-
mental health in the future. It is expected
that the later stages of the EGP will focus on
defining population subgroups with unusu-
al susceptibility to environmental expo-
sures. Focused studies will work towards
developing preventive measures that are 
tailored to the needs of such ‘at-risk’ sub-
groups. However, as this goal is achieved, a
new set of goals and issues is anticipated.
For example, the effective use of this new

in a population of unaffected people.
Relatively large population groups will be
required for this approach (103 to 105), as
well as replication of the results in indepen-
dent studies. Detailed environmental expo-
sure data will be critical to such studies,
because the risk associated with a particular
allele may be evident only among people
with a specific exposure. Associations of
variant alleles with disease that have been
revealed by such analysis must be interpreted
with caution because of the possibility that
the variant allele of interest is linked with
another important, but unknown, allele8.
Integration of mechanistic information,
concerning how the variant alleles might
influence responses to environmental toxi-
cants, together with information from pop-
ulation studies, will enhance interpretations
and the efficacy of study design.

Finally, the new knowledge of the human
genome reference sequence offers another
important opportunity for environmental
health — studies of mRNA and protein
expression on a genome-wide scale.
Microarray assays for nucleic acid measure-
ments and physical separation techniques
for protein measurements are evolving
rapidly and have already been applied to the
study of response to environmental stress.
Initial research in this area reveals that global
genomic expression patterns are exquisitely
sensitive to environmental stress and also to
the cell’s genetic history9. This research area,
which we term ‘toxicogenomics’, will eluci-
date how the ebb and flow of genomic-scale
mRNA and protein expression are involved
in biological responses to causes of environ-
mental stress. Toxicogenomics initiatives will
combine information from genetics, genom-
ic-scale mRNA and protein expression pat-
terns, and bioinformatics to understand the
role of gene–environment interactions in
disease; eventually, toxicogenomics will pro-
vide us with more sensitive measurements of
both biological responses to exposures and
the early molecular changes of disease.

Phase III: Animal models. An objective of
phase III of the EGP is to establish and char-
acterize animal and cell models that are use-
ful in understanding human susceptibility
to disease. Once an allele has been implicat-
ed in a phenotype by association studies or
other approaches (BOX 1), the function of the
variant can be examined in more detail by
generating mouse ‘knockout’ and ‘knock-in’
models. Several gene variants can be intro-
duced into a single genetic background, in
various combinations, to investigate how
risk for a specific disease is altered by a par-
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information to improve healthcare and
environmental health policy will require
considerable restructuring of these systems.
Knowledge of susceptibility will potentially
change the ‘contract’ between patient and
physician, promoting a shift from the cur-
rent emphasis on curative treatment to a
greater emphasis on prevention. Prevention,
diagnosis and treatment will eventually
become more individualized as differences
in response to environmental stress or phar-
maceutical interventions can be tailored to a
patient’s specific genotype. The policy
mechanisms by which information on sus-
ceptibility will be used to reduce risk in the
human population have not been deter-
mined. But one of the biggest potential 
benefits of this new knowledge and under-
standing is that environmental health regu-
latory agencies will be able to develop more
rational policies. At present, human genetic
variation is not implicitly considered in esti-
mating dose–response relationships, nor is
it considered when setting exposure limits.
Data on the prevalence and characteristics
of susceptibility genes offers the potential to
reduce the guesswork in risk assessment,
and therefore it is likely that the ability to
issue fair and appropriate regulations 
concerning environmental hazards will
increase markedly.

In summary, the effects of the EGP
could be broad, but the key areas of envi-
ronmental health to which the EGP will
contribute are: identification and protec-
tion of ‘at-risk’ subgroups; ability to under-
stand the combination of environmental
and genetic components of important
human diseases (that is, asthma, diabetes,
cardiovascular disease, childhood cancer,
birth defects, neurological diseases and can-
cers of the hormonally responsive tissues,
such as ovary, breast and prostate); and

“Perhaps the biggest
challenge for the EGP will
be. . . in public policy: how
will those who formulate
environmental and health
policy accommodate 
the extraordinary new
knowledge available 
to them?”

Box 2 | Gene categories in Phase I

Categories of environmental-response genes
used in Phase I of the EGP:

• Xenobiotic metabolism and detoxification

• Cell-surface receptors 

• DNA repair 

• Cell cycle

• Cell death

• Immune and inflammatory response

• Hormone metabolism

• Nutrition

• Oxidative metabolism and stress

• Membrane pumps and/or drug resistance

• Signal transduction
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have to be improved. Predictions on the
basis of genetic polymorphisms will be far
more complex than can be envisaged at the
present time. Furthermore, improved
understanding of disease susceptibility will
intensify the need to identify the most bene-
ficial and cost-effective intervention and
prevention strategies.

Perhaps the biggest challenge for the
EGP will be to manage its influence in the
arena of public policy: how will those who
formulate environmental and health policy
accommodate the extraordinary new
knowledge available to them? In the face of
these challenges, we will need broader edu-
cation and communications tools to find
ways to make effective use of this knowledge
and its enormous potential for biomedicine
and human health.
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ability to understand the importance of
new molecular indicators of exposure.

Ethical, legal and social implications. It is rec-
ognized that the new knowledge and under-
standing of human disease risk emerging
from the EGP is accompanied by a burden of
responsibility to use that knowledge fairly
and wisely. Therefore, the transformation of
public health policy and healthcare in the
light of the goals of the EGP is burdened with
significant social, ethical and legal concerns10.
For example, how will we deal with the fact
that we may be able to predict risk for many
common diseases long before effective and
acceptable medical interventions are avail-
able to treat them? What are the ethical and
economic implications for people who
knowingly ignore a risk about which they
have been informed? Personal compliance
and responsibility will take on a whole new
meaning. How do we protect research partic-
ipants from discrimination, stigmatization
and psychological stress? How will we deal
with the concern that many, on learning that
they carry a predisposing genotype, will
develop a fatalistic attitude and assume that
they can do nothing to prevent the disease?
How do we deal with the issue of informed
consent given that the risks and benefits can-
not be fully anticipated at the outset of a par-
ticular study? And ultimately, how can a per-
son be assured that their personal genetic
information will remain private? Policies are
urgently needed to ensure the appropriate
and ethical use of susceptibility data.

Addressing these ethical, legal and social
implications (ELSI), and developing safe-
guards that appropriately protect us in the
future, will represent an important challenge
for the EGP. So the EGP has made ELSI issues
a priority topic. The EGP is promoting
research projects and broad-based discus-
sions on these issues, and will try to ensure
that the public is adequately protected. This is
essential even to allow the EGP to move for-
wards towards completion.

Although ELSI issues are one important
challenge for the EGP, the knowledge of
human disease susceptibility that may soon
emerge will also raise scientific and techno-
logical challenges. For example, developing
rapid screening to identify predisposing
polymorphisms can be difficult; human
genes are often large, carry many mutations,
and may vary significantly from population
to population. Therefore, the use of a single
test may not be feasible. As more complex
models of the genetic and exposure frame-
work of disease are discovered, mathemati-
cal modelling and data management will
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We stand at the threshold of a new
century, with the whole human genome
stretched out before us. Messages from
science, the popular media, and the stock
market suggest a world of seemingly
limitless opportunities to improve human
health and productivity. But at the turn of
the last century, science and society faced
a similar rush to exploit human genetics.
The story of eugenics — humankind’s first
venture into a ‘gene age’ — holds a
cautionary lesson for our current
preoccupation with genes.

Eugenics was the effort to apply the princi-
ples of genetics and agricultural breeding
towards improving the human race. The
term “eugenics” — meaning well born —
was coined in 1883 by Francis Galton1, a
British scientist who used data from bio-
graphical dictionaries and alumni records at
Oxford and Cambridge Universities to con-
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clude that superior intelligence and abilities
were traits that could be inherited2.

Most people equate eugenics with atroc-
ities that were committed in Nazi Germany
for the sake of racial purity. In this context,
eugenics is easy to dismiss as purely aber-
rant behaviour. However, the story of
eugenics in the United States is, perhaps,
more important than that of Nazi Germany
as a cautionary tale to take with us into our
new century. Here we describe the tale of
the subtle ways in which the science of
genetics was, by degrees, transformed from
an agricultural experiment into a popular
movement to engineer American society.
The fact that eugenics flourished in the land
of liberty, involved numerous prominent
scientists and civic leaders, and made its
intellectual home at the forerunner of the
now prestigious Cold Spring Harbor
Laboratory shows just how far America fell
from grace during this period.
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